The subplate layer and intermediate zone are the precursors for neonatal white matter. The aims of this study were to evaluate 1) T1 and T2 signal intensity, and 2) FA of subplate and intermediate zone in postmortem fetuses and correlate with histology, and 3) T2 signal intensity of subplate and intermediate zone on antenatal MR imaging.
T ransient laminar organization occurs during normal development of the fetal cerebrum. The 5-layer laminar compartments can be visualized consistently on postmortem MR imaging in fetuses from 15 to 26 postovulatory weeks, which corresponds to the laminar compartments as delineated by histochemical sections. 1 These laminar compartments include 1) germinal matrix of high T1 signal intensity, 2) periventricular zone of low T1 signal intensity, 3) intermediate zone of moderately high T1 signal intensity, 4) subplate layer of lower T1 signal intensity, and 5) cortical plate of high T1 signal intensity. The marginal zone cannot be visualized on MR imaging as a separate layer from the cortex. The laminar organization of the postmortem fetal brain has been described on T1-weighted images 1, 2 but not on T2-weighted images. Because antenatal fetal MR imaging relies predominantly on T2-weighted imaging for assessment, it is essential to understand the laminar organization of the fetal cerebrum on T2.
Apart from anatomic evaluation by using T1-weighted imaging, laminar organization can also be visualized on DTI. Maas et al 3 have described the laminar organization of the human cerebrum in 24 and 25 week premature infants. On FA maps, the cortical plate has medium anisotropy, the subplate layer has low anisotropy, and the deep to subplate layer, which is composed of the intermediate zone, subventricular zone, periventricular zone, and germinal matrix, was of medium anisotropy. There are currently minimal data on diffusion changes in fetal cerebral lamination in fetuses younger than 24 weeks. 4, 5 The subplate layer is an important structure for neural migration and axonal guidance and has been found to be selectively vulnerable to hypoxic-ischemic injury in preterm infants. 6, 7 The intermediate zone contains the fetal white matter. Both the subplate layer and intermediate zone are the precursors of neonatal white matter; therefore, it is important to understand the normal changes in the subplate layer and intermediate zone on imaging to detect abnormal white matter development. The aims of this study were to evaluate 1) the signal intensity on T1-and T2-weighted imaging and 2) FA of the subplate layer and intermediate zone in postmortem fetuses in the second trimester and to correlate these findings with histology. Due to the potential for tissue fixation to affect T1 and/or T2 contrast, [8] [9] [10] [11] [12] we also assessed the signal intensity of the subplate layer and intermediate zone on T2-weighted imaging in antenatal fetal MR images.
Materials and Methods
The study had the approval of the institutional research ethics board, and written informed consent was obtained from parents. The inclusion criteria for the postmortem study were fetuses Ͻ30 gestational weeks and normal cerebral lamination as defined by histology. The exclusion criteria were significant tissue autolysis, brain malformation, hemorrhage, or ischemia resulting in disruption of cerebral laminar organization. The gestational age was estimated based on maternal last menstrual period, sonographic assessment ϳ12 weeks gestational age, as well as sulcation and gyration pattern of the cerebral hemispheres. Fourteen fetuses ranging from 18 to 25 weeks gestational age were included in the study. The fetuses were aborted due to extracranial anomalies.
Antenatal fetal MR imaging performed at our institution was retrospectively reviewed, and 17 fetuses between 20 and 26 weeks gestational age with normal antenatal MR images were recruited. The antenatal MR images were reviewed by 2 pediatric neuroradiologists independently (E.W. and S.B.) to confirm that the brain imaging was normal. The gestational age was estimated based on maternal last menstrual period and sonographic assessment ϳ12 weeks gestational age. The indications for antenatal fetal MR imaging were suspected extracranial anomalies in 7 fetuses and Dandy-Walker malformation or corpus callosum agenesis in 10 fetuses.
Postmortem MR Imaging and DTI
Postmortem MR imaging was done by using a 1.5T CV/I magnet (GE Healthcare, Milwaukee, Wisconsin) with maximum gradient amplitude and slew rate of 40 mT/m and 150 T/m/s, respectively. Postmortem MR imaging was performed with an 8-channel knee coil following dissection and tissue fixation. Axial, sagittal, and coronal spinecho T1 (TR, 500 ms; TE, 10 ms; FOV, 16 cm; section thickness, 2 mm; matrix, 320 ϫ 256) and T2 (TR, 4115 ms; TE, 115 ms; FOV, 16 cm; section thickness, 2 mm; matrix, 320 ϫ 256) and axial 3D T1 (TR, 23 
Autopsy
The fetal brains were removed at autopsy and immersion fixed for 14 days in formalin/5% acetic acid. Histology was performed by using standard paraffin embedding and sectioned at 6 m in the coronal plane. Whole mounts were performed by using agar stabilization. 13 Staining was done with hematoxylin-eosin or cresyl violet. Alcian blue stain was used to demonstrate acid mucopolysaccharide. Vimentin was used to identify cellular processes and radial glia, and neurofilament was used to identify axons. Histology sections were reviewed by a neuropathologist (P.S.).
Antenatal MR Imaging
Antenatal fetal MR imaging was performed at 1. (Fig 1) . The ROIs were placed anteriorly at the level of frontal horn of lateral ventricles and posteriorly at the level of trigones of both hemispheres.
Antenatal MR Imaging Analysis
The signal intensity of the subplate layer and intermediate zone was graded on T2 antenatal MR imaging, by using the same grading scale as for T2 postmortem MR imaging (1, same signal intensity as cortex; 2, slightly higher signal intensity than cortex; 3, intermediate signal intensity between cortex and CSF; 4, less hyperintense than CSF; 5, same signal intensity as CSF). The grading was done by 2 raters independently (E.W. and S.G.).
Statistical Analysis
Data were analyzed by using SAS 9. 
Results

Postmortem MR Imaging and DTI
There was substantial to nearly perfect agreement between the 2 raters for the subplate layer on T1 (ICC ϭ 0.73) and T2 (ICC ϭ 1.0), respectively, and nearly perfect agreement for the intermediate zone on T1 (ICC ϭ 1.0) and T2 (ICC ϭ 1.0). There was significant positive correlation between signal intensity of subplate on T1 postmortem MR imaging and gestational age (r ϭ 0.66, P ϭ .012) (Table) . There was significant negative correlation between signal intensity of intermediate zone on T1 postmortem MR imaging and gestational age (r ϭ Ϫ0.78, P ϭ .001). Below 20 weeks gestational age, the intermediate zone was of higher signal intensity on T1 compared with the subplate layer (Fig 2) . Between 20 and 23 weeks gestational age, signal intensity gradually decreased in intermediate zone and gradually increased in subplate layer on T1 postmortem MR imaging, such that there was overlap between the signal intensity of intermediate zone and inner portion of subplate layer. After 23 weeks gestational age, the intermediate zone was of lower signal intensity on T1 compared with the subplate layer. There were 2 regions seen in the subplate layer: an outer zone of lower T1 signal intensity and an inner zone of higher T1 signal intensity.
There was no association between signal intensity of subplate on T2 postmortem MR imaging and gestational age (P Ͼ .05), as signal intensity of subplate remained unchanged on T2 between 18 and 25 weeks gestational age. There was an association between signal intensity of intermediate zone on T2 postmortem MR imaging and gestational age, but this did not reach statistical significance (r ϭ 0.48, P ϭ .086). The signal intensity of intermediate zone was lower than subplate layer on T2 postmortem MR imaging until ϳ22-23 weeks (Fig 3) . By 25 weeks, the signal intensity of intermediate zone was similar to subplate layer on T2 postmortem MR imaging.
There was moderate to substantial agreement between FA of the subplate layer anteriorly (ICC ϭ 0.49) and posteriorly (ICC ϭ 0.78), respectively. There was nearly perfect and substantial agreement between FA of the intermediate zone anteriorly (ICC ϭ 0.88) and posteriorly (ICC ϭ 0.70), respectively. between FA of intermediate zone and gestational age (r ϭ Ϫ0.64, P Ͻ .0001) (Fig 4) . There was significant correlation between FA of subplate layer and signal intensity of subplate layer on T1 (r ϭ 0.58, P ϭ .037). There was no correlation between FA of subplate and signal intensity of subplate on T2 postmortem MR imaging, as the signal intensity remained unchanged on T2. There was no significant correlation between FA of intermediate zone and signal intensity of intermediate zone on T1 (r ϭ 0.41, P ϭ .160) or T2 (r ϭ Ϫ0.33, P ϭ .264) postmortem MR imaging.
Autopsy
The subplate layer was hypocellular and had abundant extracellular matrix at 18 weeks gestational age (Fig 5) . With increasing gestation, the subplate layer became more cellular, and the deep subplate merged with the intermediate zone with an increase in the attenuation of stainable cell processes in both the subplate layer and intermediate zone (Fig 6) . Stainable acid mucopolysaccharide, which formed most extracellular matrix in the developing brain, was abundant in the subplate layer but was absent in the intermediate zone at 18 weeks (Fig 7) . With increasing gestation, the acid mucopolysaccharide increased in the intermediate zone. At 18 weeks, the intermediate zone was highly cellular, particularly the superficial region, which formed an attenuated tangential stripe (Fig 5) , separated from the deeper aspects of the intermediate zone by the developing fiber system. As development progressed, the intermediate zone became less cellular as a whole, and the deep projecting fiber system became thicker as visualized on the neurofilament stain (Fig 6) . The superficial region of the intermediate zone became harder to distinguish from the subplate layer with increasing gestational age.
Antenatal MR Imaging
There was nearly perfect agreement between the 2 raters for the subplate layer (ICC ϭ 0.88) and intermediate zone (ICC ϭ 1.0) on T2. There was no association between signal intensity of subplate on T2 antenatal MR imaging and gestational age (P Ͼ .05), as signal intensity of subplate remained unchanged on T2 between 20 and 26 weeks gestational age. There was significant correlation between signal intensity of intermediate zone on T2 antenatal MR imaging and gestational age (r ϭ 0.67, P ϭ .003) ( Table 1 ). The signal intensity of intermediate zone was lower than subplate layer on T2 antenatal MR imaging until ϳ22-23 weeks (Fig 8) . By ϳ25 weeks, the signal intensity of intermediate zone was similar to subplate layer on T2 antenatal MR imaging.
Discussion
The subplate layer contains cells dispersed within the loose plexiform network of fibers and embedded in abundant and hydrophilic extracellular matrix.
1,17-19 Kostovic et al 1 described low T1 signal intensity in the subplate layer between 15 and 26 postovulatory weeks, and an increase in T1 signal intensity in the subplate layer between 27 and 30 postovulatory weeks in the postmortem brain. The increase in T1 signal intensity in the subplate layer reduced the contrast difference between the subplate layer and intermediate zone. However, the superficial aspect of subplate layer, immediately below the cortical plate, remains visible as a narrow band of low T1 signal intensity, due to the presence of growing thalamocortical fibers. Rados et al 20 found the subplate layer attained its developmental peak, with respect to the thickness of the subplate layer, between 27 and 30 postovulatory weeks. However, transient fetal lamination as visualized on postmortem MR imaging reaches prominence between 22 and 26 postovulatory weeks. 20 We have found the increase in T1 signal intensity of the subplate layer to have occurred earlier, from ϳ22 weeks onward in the postmortem brain. The increase in T1 signal intensity of the subplate layer could be related to the reduction in extracellular matrix, increase in cellularity, and increase in stainable cell processes. The reduction in extracellular matrix in the subplate layer occurs after the thalamocortical fibers penetrate into the cortical plate, 1, 21 which was present by 24 postovulatory week. Between 20 and 23 postovulatory weeks, the number of synapses in the subplate layer increases, 22, 23 which could also contribute to the altered T1 signal intensity of the subplate layer.
The intermediate zone is composed of the fetal "white matter," which includes large bundles of growing axons, migratory neurons, and immature glial cells. 20 Previously, the intermediate zone has been described as having high T1 signal intensity between 18 and 26 postovulatory weeks. 1 The timing of signal intensity alteration of the intermediate zone was not clear in the literature. The changes in the lamination pattern of the human fetal cerebrum on MR imaging were considered to be predominantly due to changes in the appearance of the subplate layer. 1 However, we have found that alteration in the cerebral lamination from 20 to 25 gestational weeks was Images are composite photographs of a transect of the cerebral mantle, and the images have been rescaled for illustration purposes. All original photography is at ϫ12.5 original magnification, and the superficial aspect of the brain is on the left with the ventricle on the right. At 18 weeks, the intermediate zone has a very cellular superficial region, which is separated from the deeper aspects of the intermediate zone by the developing fiber systems. In contrast, the subplate layer has an abundant extracellular matrix at 18 weeks gestational age, which decreases with increasing gestation. As development progresses, the intermediate zone becomes less cellular, and the deep projecting fiber system becomes thicker such that the cellular superficial region of the intermediate zone becomes harder to distinguish from the subplate layer.
due to altered signal intensity of both the subplate layer and intermediate zone. There was a gradual reduction of the high T1 signal intensity and increase of the low T2 signal intensity of the intermediate zone from ϳ22 weeks, which correlated with reduced cellularity, an increase in the thickness of deep projecting fibers, and an increase in acid mucopolysaccharide on histology.
Kostovic et al 1 and Chong et al 2 have used T1-weighted imaging, whereas we have used both T1-and T2-weighted imaging to evaluate the laminar organization of the postmortem fetal brain. We have found altered signal intensity in the intermediate zone on both T1-and T2-weighted imaging with increasing gestational age. In the subplate layer, the signal intensity alteration was best appreciated on T1-weighted imaging, but remained unchanged on T2 between 18 and 25 gestational weeks. With increasing T2 signal intensity of the intermediate zone in the postmortem brain, the contrast difference between the subplate layer and intermediate zone was minimal by 25 weeks. We have found similar findings on antenatal T2-weighted MR images. The subplate layer was of persistently higher T2 signal intensity between 20 and 26 gestational weeks on antenatal MR imaging. The intermediate zone demonstrated lower T2 signal intensity compared with the subplate layer between 20 and 22 gestational weeks, and by 25 gestational weeks there was no contrast difference between the intermediate zone and subplate layer on antenatal MR imaging. Maas et al 3 also found difficulty in distinguishing the subplate layer from the intermediate zone on T2 in 2 premature infants at 25 and 27 gestational weeks.
We have found that FA of the subplate layer was lower relative to the intermediate zone. stripes of migratory cells and bundles of fibers in the intermediate zone 1 could have accounted for the higher anisotropy in the fetal white matter, even before the onset of myelination. We have also found a negative correlation between anisotropy of the intermediate zone and gestational age, which could be related to migration of tangential stripes of neurons away from the intermediate zone, an increase in acid mucopolysaccharide, and evolution of radial glia into astrocytes and neuroblasts. There was a significant positive correlation between FA of the subplate layer and gestational age, which could be related to a reduction in extracellular matrix, an increase in migratory neurons, and an increase in cell processes.
Gupta et al 4 evaluated 15 unfixed postmortem fetal brains from 15 to 37 gestational weeks and have found that FA values in the subplate layer showed an inverse correlation with gestational age, but this did not reach statistical significance. They did not find a significant correlation between FA in the intermediate zone and gestational age. Trivedi et al 5 evaluated 50 unfixed postmortem fetal brains from 12 to 42 weeks and demonstrated decreasing FA in the subplate layer and increasing FA in the intermediate zone with gestational age; however, it was not clear if these changes were statistically significant. Of the 50 fetuses in the cohort, they have assessed FA of the subplate layer and intermediate zone in 15 fetuses from 17 to 30 gestational weeks, and of these cases, approximately half were less than 24 gestational weeks. In contrast to the findings by Gupta et al 4 and Trivedi et al, 5 we have found increasing FA in the subplate layer and decreasing FA in the intermediate zone in the second trimester. In our study, we have evaluated fetuses over a narrower age range within the second trimester. In the study by Gupta et al, 4 the greater number of fetuses in the third trimester, which corresponded to the period of subplate dissolution, may have accounted for the reduced anisotropy of the subplate layer. Further development, thickening, and organization of projecting axons may lead to increased FA in the intermediate zone in the third trimester.
One of the concerns of extrapolating data from postmortem MR imaging of fixed brain was that tissue fixation may alter the signal intensity characteristics of the brain on either T1-or T2-weighted imaging. Formaldehyde fixation of tissue promotes membrane protein cross-linking to each other and/or to adjacent proteins located in the intra-and extracellular spaces, [26] [27] [28] and immobilization of water molecules and may lead to a reduction of T1 and T2 values. [8] [9] [10] [11] [12] We have not quantified T1 or T2 values in the postmortem fetal MR images, but we have visually assessed the relative signal intensity of the subplate layer and intermediate zone relative to cortex and CSF. Using the same grading system as on postmortem MR imaging, we have assessed the subplate layer and intermediate zone on T2-weighted antenatal MR images and have found similar findings. As T1-weighted imaging is not routinely performed on antenatal MR imaging, we have not assessed the T1 signal intensity alteration of the subplate layer and intermediate zone on antenatal MR imaging. The observed signal intensity alteration of the subplate layer and intermediate zone on T1-weighted postmortem MR imaging is likely to be a marker of microstructural changes that occur secondary to brain development rather than fixation artifacts, as the signal intensity alterations on postmortem T2-weighted imaging corresponded to those observed on antenatal T2-weighted imaging.
DTI studies in postmortem brains raised 2 concerns; first, the effects of death and second, the effects of tissue fixation on DTI indices. Kim et al 29 demonstrated that there was no sig- nificant alteration in FA in mouse spinal cord white matter in vivo before death, in situ 10 hours after death, and ex vivo 15 weeks after immersion fixation. Sun et al 30, 31 found that tissue fixation resulted in reduction in trace of 30%-80% but no significant alteration in anisotropy level. Shepherd et al 12 also showed that tissue fixation resulted in increase in extracellular apparent diffusion coefficient. Sun et al 32 evaluated the optic nerves of mice and found that between in vivo and prefixed postmortem, axial and radial diffusivity decreased by 50%-70%, and from prefixed postmortem to fixed postmortem, axial and radial diffusivity decreased by up to 50%. Because tissue fixation may influence trace, axial, and radial diffusivity, any observed changes in trace, axial, and radial diffusivity secondary to increasing gestation could potentially be confounded by changes related to tissue fixation. We have therefore used FA to detect changes in the subplate layer and intermediate zone, as FA was less likely to be affected by tissue fixation. [29] [30] [31] However, caution is advised in directly extrapolating FA values from postmortem specimens to in vivo cases.
In summary, we have found signal intensity alteration on T1-and T2-weighted imaging as well as FA of the subplate layer and intermediate zone on postmortem MR imaging, which corresponded to changes in a variety of histologic parameters, including extracellular matrix, cellularity, and axons between 18 and 25 gestational weeks. The observed signal intensity alteration is unlikely to be due to fixation artifacts as we observed similar signal intensity alteration on antenatal T2-weighted imaging as on postmortem T2-weighted imaging. Understanding the normal changes in the subplate layer and intermediate zone is important before such knowledge can be incorporated in the antenatal assessment of normal development, white matter injury in fetuses from ischemia or infection, as well as abnormal white matter development in association with brain malformations.
